ELECTRON MICROBEAM TESTING OF INTEGRATED CIRCUITS
By C. K. Crawford

February 1968

PARTICLE OPTICS LABORATORY TECHNICAL REPORT #2

Prepared under Contract No. NAS 12-558 by
PARTICLE OPTICS LABORATORY
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Cambridge, Massachusetts

Electronics Research Center

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

NE68-16342
{ACCESSION NUMBER)

FACILITY FORM 602

(7 (co
/- FL6 Q9
(NASA CR OR TMX OR AD NUMBER) (CATEGORY)

(PAGES) :

(o f60=p



.-

Distribution of this report is provided in the interest of information

exchange and should not be construed as endorsement by NASA of the

material presented. Responsibility for the contents resides with the
organization that prepared it.

Dr. James E. Cline

Technical Monitor

NAS 12-~-558

Electronics Research Center

575 Technology Square
Cambridge, Massachusetts 02139




ABSTRACT

The ever decreasing size and increasing complexity of
electronic microcircuitry dimplies the need for new testing
methods for circuits too small for the use of mechanical probes,
and too complex for functional testing limited to input and
output terminals. This paper considers the feasibility of
various methods of using electron beams to introduce signals
and sense potentials at arbitrary points in a microcircuit.
These techniques, which are compatible with electron and ion
beam fabrication processes, are capable of providing multiple
inputs and outputs with currents close to one microampere in
one micron size spots. It is shown that circuit potentials
may be accurately determined using either mirror microscopy
or secondary electron energy distributions. The techniques
should make very large arrays of very small components prac-
tical by allowing in situ discretionary wiring to proceed con-

currently with testing.
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INTRODUCTION

Driven by the advantages of lower cost, increased reliability,
reduced weight, and greater packing density, the size of electronic
circuitry has rapidly been reduced. Subject to constraints imposed
by power dissipation, circuit impedence and other device limitationms,
and the constraints imposed by the fabrication and testing technology,
this trend is likely to continue. The increased complexity at reduced
cost, which appears to be a fundamental result of small component
size, may be expected to produce wide new applications for electronic
circuitry.

In order to make further size reduction practicél, many problems
must be solved. While electron and ion induced reactions have been
shown to permit fabrication techniques with resolution limits far better
than those activated by light, much further work will be required before
this technology comes into general use.l_24 It is also clear that present
testing techniques will be inadequate if component size is significantly

reduced.zs’26

It is the purpose of this paper to propose new testing
methods, based on the technology of charged particle optics, which are

suitable for testing very large arrays of ultra-miniature components.
LIMITATIONS ON PRESENT TESTING TECHNIQUES

Production testing of microcircuits is currently performed mech-
anically by contact with the pads intended for bonding the circuit to its

header. While this method is completely suitable for testing simple and




relatively large thin-film microcircuits, several difficulties hinder
its use with more complex circuits composed of ultra-miniature components:
1. The number of contact pads currently provided for input and

output is not sufficient for efficient testing of complex networks.
Consider for example an LSI array composed of 100 binary elements; assume
these elements to be connected in some arbitrary way. To test this
circuit as a system, using its inputs and outputs, requires testing a
large fraction of the system states, and in the worst case the circuit

100 (= 1030) system states. Obviously performing such

may have up to 2
a number of tests is not practical. If the individual elements and
interconnections were tested separately however, only a few hundred
(102 to 103) tests would be required. To make such tests however it
would be necessary to inject test voltages and currents directly into
the circuit, as well as to sense both voltages and currents within the
circuit. Since it does not appear to be possible to build mechanical
testers or probes capable of probing the interior of a microcircuit,
particularly if component size is significantly reduced, new testing
methods must be found.

2. Contact pads are presently on the order of 100u or larger in
diameter, thus the total number of contacts is limited to the order of
several dozen at most. As circuitry decreases in size many more input
and output connections will probably be desired, forcing a reduction in
contact pad size. If these contacts are to be used for mechanical test
probes as well as final wiring, it is difficult to see how their size
can be reduced by even one order of magnitude.

3. As the number of components becomes large, the problem of
reliability becomes acute if a circuit is to be rejected for only one

(or a few) defects. While it is possible (and often desirable) to use



redundancy to improve reliability, the use of discretionary wiring pro-
vides a much higher yield without increasing the number of components.
In addition, discretionary wiring allows the fabrication of circuits for
many different functions, using only one set of basic circuits which

can be deposited in a single master pattern. This latter advantage
becomes particularly significant with LSI arrays which require very
complicated patterns. Unfortunately, the present mechanical testing
techniques and the present thin film interconnecting methods require
very different apparatus and environments; testing takes place under an
optical microscope, while interconnections are made in high vacuum. Be-
cause of this incompatibility, the two processes cannot proceed concur-
rently; hence the present attempts at discretionary wiring have been
complex, limited in flexibility, and to a large extent economically un-
successful. A testing technique which is compatible with discretionary
wiring, to allow wiring, testing, and rewiring to proceed in an arbitrary
way, would possess substantial advantage.

These difficulties strongly suggest searching for other means of
testing circuits which are more easily scaled to small size, more amen-
able for use with large scale arrays, and which are compatible with some
sort of discretionary wiring scheme. Since it is probable that micro-
circuits will be fabricated using electron and ion beams within a few
years (because of improved resolution and flexibility), it seems natural
to try to use charged particle optics (CPO) to perform this testing.
Particle beams, and electron beams in particular, have already been used
for a substantial amount of microcircuit testing. Beams have frequently
been used to inspect microcircuits using scanning electron microscopes,

mirror microscopes, and X-ray microprobes. These techniques are useful
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and well developed. 7-36 Thus far however, their use has been limited

to indirect testing, that is testing which observes structures and
voltages in the circuit but makes no attempt to introduce either signals

or structural changes directly by means of the beam.

DESIGN CONSIDERATIONS AND POTENTIAL ADVANTAGES OF CPO TESTING

Several potential methods of building active CPO testing systems, in
which multiple signals could be directly injected into the circuit with
simultaneous observation of circuit potentials and discretionary wiring
capability, were considered. These include systems utilizing both elec-
trons, ions and photons, systems which utilize both high and low accel-
erating voltages, systems with scanning single-beam optics, multi-beam
optics, image optics and parallel optical channels. All these methods
are necessarily much more complicated than the simple introduction of test
signals by means of a mechanical contact. In effect they can be viewed
as a means of buving more reliable and more sophisticated microcircuitry
at the expense of greatly increased tester complexity.

Though many possible systems could be made to work, one basic idea,
the use of electron beams in a multi-beam geometry at electron energies in
the neighborhood of 10 KeV, seems superior to all others considered. The
study is obviously not complete (a good fraction of the best ideas are
always missed). The reasons for the choice of an electron multibeam
geometry are developed below.

Active CPO testing is subject to several fundamental limits as
well as numerous engineering problems. Among the decisions to be made in
designing such a system are

(1) The choice of the type of charged particle to be used. While




electrons are by far the easiest to generate and control, both electrons
and ions have strong advantages and disadvantages.

(2) The choice of an optical system to deliver the current where
required, and the choice of appropriate particle energy. Problems con-
cerning perveance, brightness, power dissipation, bfeakdown, surface con-
tamination, and secondary particles, must all be considered.

(3) The choice of a method for accurately measuring circuit voltages,
(voltages resulting either from injected currents or from operation of the
microcircuitry). If it is desired to introduce voltage signals into the
circuit, target voltage information must be used in a feedback loop in
order to make the beam look like a voltage source (normally such a beam
looks like a current source). Sensing voltages would also appear to be the
only practical way of obtaining outputs from the interior of a microcircuit.

(4) Choice of a method to uniquely identify various beams and currents,
if several beams are to be used simultaneously.

(5) Choice of techniques for discretionary wiring, which are com-
patible with the energies, current densities, and particle types used to
make tests.

(6) Choice of techniques to suppress effects (when necessary) such
as surface contamination, secondary emission,.excessive power dissipation,
unwanted sputtering, unwanted carrier injection at junctions, and unwanted
ion implantation.

(7) The choice of component type, size, and current level, to be
compatible with CPO fabrication, testing, and discretionary wiring tech-
niques. Limitations due to charged particle optics may well determine
the types of components which can be used, when component size decreases

below that compatible with mechanical or light optical techniques.




VOLTAGE, CURRENT AND SPOT SIZE

Several fundamental well-known relationships limit the current,
given an accelerating voltage and spot size, for a charged particle
beam bombarding a material surface.37_40 For the present application it
is desired to obtain the maximum current with minimum power dissipation
and minimum undesirable side effects. These constraints, plus a knowledge
of what constitutes a minimum satisfactory beam current, imply the choice
of particle and particle energy. Some of these limits are graphed in
Figures 1 through 6, where beam current and current density are shown
as a function of accelerating voltage for six different spot sizes.

An important limitation on maximum current is set by space charge.37
This limit, usually expressed as a perveance (current/voltageB/Z), is
independent of absolute beam size for congruent beam shapes. For long
thin electron beams it is usually set by the cathode geometry, and usually
lies in the neighborhood of 1 uperv, however this value may be improved
by a factor of 2 or 3 by careful cathode design. In principle, much more
substantial improvement could be made by using space charge neutralization,
but in practice, stabilization of the neutralizing charge is hard to
obtain. At very low voltages the perveance limit may be overcome by
using grided apertures; unfortunately at higher energies the grids are
destroyed by beam heating. A perveance limit corresponding to 1 uperv
has been plotted in each of the graphs.

A second (and for small spot size, more important) limitation on
beam current is set by the brightness of the electron source.38’41’42
The second law of Thermodynamics implies that the intrinsic brightness

associated with the flux of any type of particle can never be increased.

For electrons in the case where the beam energy is much greater than the



temperature characterizing the source energy spread, this limit results

in a maximum current of;

R U A 1)
max 16 o kT 6277? amperes (

Here Bo is the brightness of the cathode (A/cmz/steradian), V is the beam
energy (volts), T is the cathode temperature (°K) (or the temperature
associated with the characteristic source energy spread), d is the beam
spot diameter (em), and Cs is the spherical abberation constant of the most
critical lens (cm). For a convenient and easily obtainable electron socurce
(for example a tungsten hairpin operating at about 3000°K) with a bright-
ness of 1 amp/cmz/steriadian; and using an objective lens with a spherical
aberration constant of 1 cm (corresponding to a quite good magnetic lems),

the maximum current as a function of beam size and voltage becomes

1= [1.46 x 10710 v (volts) d8/3 (u)] amperes (2)

where d has been converted to microns for convenience. This limit has
also been plotted. Note that the brightness limit is markedly dependent
on beam size, in contrast to the perveance limit which is not. Also note
that it is perveance which controls maximum current in large spot electron
beam melters or welders, whereas brightness sets the limit in the case

of virtually any type of electron microscope, and the CPO tester under
consideration here. The brightness limit may be relaxed from that shown
by at least one to two orders of magnitude by use of special electron
sources.43—52 Such sources are not yet in widespread use however, largely

because of problems with stability; these problems will probably be

overcome.



Two limitations result from the bombardment of a microcircuit lead
or pad surface by high energy electrons: First the bombarding particles
should come to rest within the pad, otherwise the signal is not introduced
to the pad but where the electrons come to rest (if electrons penetrate
the pad and enter the semiconductor substrate hole-electron pairs will be
created). Second, most of the electron kinetic energy ends up as heat
in the pad, and the resulting temperature rise may be detrimental to the
operation of the circuit.

The range of electrons and solids has been well studied, and a variety
of formulas for calculating various effective ranges in different energy
ranges exist.53 One suitable for present purposes is

7/4

R = 3.5 x 103 (~z—$%%%£§l ) / U (3)
where a target density of 2.3 gm/cm3 (silicon) has been assumed. This equation
effectively sets the required pad thickness. Note that the accelerating
voltage should not be so large as to result in a range larger than the
spot diameter since this corresponds to a hemisphere of scattered electrons
inside the target larger than the spot diameter. Because the diameter of
this hemisphere corresponds to the effective diameter of the beam (as far
as the circuit is concerned), one might just as well have used a larger
incident beam, and obtained more current. Lines showing the voltage at
which electron range becomes comparable with the spot diameter are plotted
in each graph.

Accurate calculation of temperature rise in a test pad is very diffi-

cult,34-57

but a simple estimate is sufficient to guarantee that the rise
does not exceed some nominal value. Assume that the total beam power is

dissipated uniformly as heat in a hemisphere centered at the surface;



assume further that the diameter of this hemisphere is equal to either the
beam diameter or the electron range, whichever is greater. Direct cal-
culation for the case in which the range is less than the beam diameter

(the well-known disc heating model gives essentially this result) shows

that

aT =3 (e

o
) K

mdK (4)

Here K is the thermal conductivity (watts/cm®K), which is approximately 1
for silicon. Thus if an allowable temperature rise were 10°K, the maximum

allowable current would be

I=2.15x103% —S)_ (5)

V(volts) amperes

where the diameter has again been converted to microns and a thermal con-
ductivity of unity has been assumed. Note that the allowable current is
inversely proportional to voltage (for constant power). The corresponding

calculation for the case of range greater than beam diameter yields a limit

3/u

106 amperes (6)

where the allowable current now actually increases with voltage because the
energy is dissipated over a larger volume. (This latter case is not of
much interest of course, for the reasons already given.) The limit on
current expressed by Eqs. 5 and 6 has also been plotted.

Note that these equations are very approximate; Eq. 4 may be conser-
vative by a factor of as much as 5 due to electron back scattering and
other effects described by Wells. On the other hand no allowance has been
made for the fact that the circuit may be bombarded by several beams

simultaneously, which means that the semi-infinite solid approximation is




~10-

not very valid. 1In addition, uniform isotropic heat conductivity has been
assumed for the chip, and clearly this is not realistic. Lastly the cal-
culation assumes a steady beam. If testing were accomplished using short
pulses (which is natural for a digital circuit) and if testing could be
completed in a small fraction of a second, much higher power densities
could be tolerated.

It may now be seen from the graphs that for a 1 micron spot (a par-
ticularly suitable size for microcircuit testing) that the limit on current
is determined basically by the limitations of electron brightness and
electron range, while the temperature rise places another restriction at
essentially the same level. The most appropriate beam energy to run for
maximum current would appear to be 5 to 10 kilovolts.

It is worthwhile to consider the appearance these graphs would assume
if ions rather than electrons had been used. Several fundamental differ-
ences may be seen. The perveance limits for ions is more restrictive than
for electrons because the allowable current depends inversely on the square
root of the particle mass. Thus for monatomic Hydrogen the allowable
current is down by a factor of 43, for Argon it is down by a factor of 270,
etc., The perveance limit is again the important one when designing high-
energy, large diameter beams.

The intrinsic brightness of an ion source depends markedly on the means
of producing ionization, which in turn depends upon the type of ion., Hence
it is difficult to make general statements. Unfortunately however, the
types of ion sources which do have high intrinsic brightness tend to be
either very limited as to the types of ions they can accelerate (for
example surface ionization types), or depend upon high intensity gas

discharges (which generate large gas loads).
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The power density limit for ion beams is the same as that for an
electron beam, except that the ion range is approximately two orders of
magnitude shorter for the same energy. Thus much higher energies may be
used without penetrating the contact pad. Two other new effects however,
implantation and sputtering, must be considered. The current densities
obtainable on the lu graph (Fig. 3) for example would, if ions were used,

sputter right through a lu thick pad in a few milliseconds.
SENSING CIRCUIT POTENTIALS

Given that it is possible to inject sufficient current into a contact
pad for microcircuit testing purposes, the other crucial element necessary
for success is the ability to obtain output signals from the circuit.
There are several possible ways of achieving this.

In the simplest case the output circuitry might be already wired in,
since a great deal of information can be obtained aboﬁt the operation of
the circuit by the introduction of test signals at points other than the
input. This method has several disadvantages however. First, it is ob-
viously more flexible to read out signals at any point in the circuit.
Second, while it may be possible to provide power conmnections to the circuit
(that is one voltage supply and ground), it would be difficult to provide
multiple output leads to circuitry which is still in the fabrication state
(i.e., many chips in a large wafer). Third, the ability to measure poten-
tials anywhere in the microcircuit greatly facilitates the introduction
of voltage test signals, since the point at which the beam current is
injected may be monitored and the information used to control the beam
current. if this is not possible, the test voltage must be inferred from
the test current and a knowledge of circuit impedence, and unfortunately
the circuit impedence may not be known. In some cases even the actual net

beam current into the test pad may be hard to determine.
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Potentials within the circuit may be determined using charged par-
ticle optics in either of two general methods. The potentials may be
sensed by their effect on charged particles moving close to the surface,
as in an electron mirror microscope. Or alternatively, the potentials may
be sensed by observing the energy spectrum of charged particles emitted
from the surface. Mirror microscopy has the advantage of displaying poten-
tials for an entire circuit all at once (and thus making faults easy for
a human observer to see), however a relatively complicated image-to-test-
point converter would be required to utilize this information in an automatic
system. The charged-particle emission method can avoid this difficulty,
but requires some mechanism to make the circuit emit particles. Such
emission however can be achieved in a large variety of ways.

Electron and/or ion emission can be induced from any surface by the
bombardment of photons, ions, or electrons (or even fast neutrals), and
by the application of heat or high electric fields. The energy spectra
of all these emitted particles contains information which may be used to
determine surface potentials towithina fraction of a volt. Since the
circuit is already being bombarded with electrons as a means of test
current injection, it seems a natural choice to use the secondary electrons
resulting from this bombardment to determine surface potentials (in a
manner similar to that frequently used in scanning electron microscopes).

A very large amount of experimental work on secondary electron emission
has been done.58-6q Typical curves for the secondary electron yield of a
metal and the energy spectrum of these electrons are shown in Fig. 7.

Note several features. At high primary energies (necessary to obtain the
required current), the yield is usually less than one, i.e., the number of

secondary electrons emitted is less than the number of bombarding electrons.
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Also, the secondary electrons may be roughly divided into two groups:
elasticly reflected primaries along with primaries which have undergone
small characteristic energy losses, and true secondaries which have up to
a few tens of volts energy. Since the minimum kinetic energy a secondary
electron can have is zero energy at the emitting surface, the distribution
cuts off very sharply at this point. What is needed is a method of sensing
the position of this cutoff, or even better, a method to produce a current
or voltage signal linearly proportional to the surface potential. One
possible method would be to accelerate all secondary electrons through a
small fixed potential, and then pass them through a parallel plane energy
analyzer equipped with an area collector. The area collector would be
designed to collect all electrons with energies below a specified value,
and the output current would then be a monotonicly increasing function of
pad voltage, provided that voltage always remains within a reasonable vol-
tage (5 volts perhaps) of ground.

In monitoring several surface potentials simultaneously by use of
secondary electron spectra, a means of correlating spectra with the various
individual pads is required. Since the test points are very close to-
gether the secondary currents from all of them will easily pass through the
same secondary electron analyzer; in fact the entire microcircuit, because
of its size, will act essentially as a point source for the analyzer. Per-
haps the simplest way to separate and identify the secondary currents
coming from various pads would be to add a low level amplitude modulation
signal with a characteristic frequency to the beam hitting each pad. If
this modulation was limited to a few per cent, the microcircuit (particularly
digital circuits) would ignore it, but the emergy analyzer could identify

secondary electrons by means of characteristic frequencies. A diagram of
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one possible arrangement of such a system is shown in Fig. 8. An impor-

tant limitation on such a system would be the bandwidth with which dig-

ital information can be injected or extracted on each beam. While transit
time spreads for beam electrons are very short (if appropriate modulating
structures are provided, beams could carry information in the gigacycle
range), sensing target potentials at high frequency seems out of the question.
First, the secondary currents will be small (perhaps 10'8A); second,
modulation frequencies are limited by signal-to-noise and the obvious con-
straint that there must be many electrons in each cycle of each tracer signal;
third; the detector output electronics will be severely limited in its
frequency response by the output filter or synchronous detector used to
detect modulation. It may be necessary to inject high frequency signals
using only one channel at a time, or alternatively, to use the beam infor-
mation only to activate transistor gates while high frequency signals are

injected by means of one (or a few) trunk signal wires.

OTHER TECHNIQUES

Another mechanism for obtaining pad voltage readout would be to use
an electron mirror microscope along with a multiple microbeam array for
injecting currents. By taking electrical readouts directly from the mirror
microscope image, very high bandwidth could be achieved. Unfortunately
however, the electrostatic objective lens required for a mirror microscope
seems incompatible with the short focal length lens required for high
energy microbeams. A possible way to overcome this conflict might be to
work on the microcircuit from both sides; microbeam inputs on one side and
mirror microscope outputs on the other. This method of course would require
very thin circuit chips (which would be difficult and perhaps impractical

from the microcircuit point of view).
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One other method of injecting multiple signals which does not require
the use of modulation should perhaps be mentioned. Channel electron mul-
tipliers can now be manufactured with diameters down to a few microns,65_72
and such multipliers could be used to communicate directly with a micro-
circuit. 1Indeed, these multipliers could be used to communicate both ways
with a microcircuit, since the channels are small enough to be able to
focus their entire output on a single pad. At present this method does
not seem as attractive as those already discussed because of problems of
recovery time (due to discharging of the dynode structure), limits on out-
put current due to space charge, and the energy spread of electrons at
the anode end (which makes focusing at a distance difficult). Some of
these limitations might be removed by designing new channel multipliers
with this use in mind. The method would have the advantage of requiring
no real electron optics, while the power dissipation in the circuit is
reduced since the final electrons have energies of only one to two hundred
volts. Note that some MOS semiconductor circuitry can respond to charges
on the order of 10711 to 10712 Coulombs, while a channel multiplier can
provide over 2 x lO7 electrons per pulse (3.2 x 10_12 Coulombs), and that
while repitition rates are low the pulses themselves can be very fast,
Channel multipliers might also be used in large arrays to make a large
area cathode which could convert a light signal into an electron signal with

moderate brightness.
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Fig. 1. Limitation on electron beam current and current density
as a function of beam voltage for a 100 A (10'6 cm) spot size.
The heavily shaded region at the upper left represents per-
veance values greater than 1 uperv. The lightly shaded region
corresponds to brightness values greater than 1 A/cm?/steradian.
The vertical line dividing the graph roughly in half shows the
voltage for which electron range is equal to 100 X in silicon,
while an approximate 10°C temperature rise line (again for
silicon) intersects the range limit line in the center of the
diagram.
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Fig. 2. Limitations on beam current and current density as a
function of beam voltage for a 1,000 A (10~5 cm) spot size.
Note that the perveance limit has not moved, but that the
brightness limit has been relaxed by more than two orders of
magnitude.
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Fig. 3. Limitations on beam current and current density for
a 1 micron (10™" cm) spot size. TFor a temperature rise
not much greater than 10°C,one microampere total currents
and 100 amperes per cm’ are obtainable in the neighborhood
of 1 to 10 kilovolts.
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Fig. 4. Limitations on beam current and current density for
a 10 micron (10"3 cm) spot size. Note that allowable
brightness and range at high voltage correspond to a sub-
stantial surface temperature rise.
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Fig. 5. Limitations on beam current and current density as
a function of beam voltage for a 100 micron (1072 cm) spot
size. The brightness limit has now relaxed to the point
where it is comparable to the perveance limit.
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Fig. 6. Limitations on beam current and current density as
a function of beam voltage for a 1,000 micron (10-! cm)
spot size. The limitation on beam current is now provided
entirely by perveance.
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Fig. 8. Proposed multi-beam electron gun geometry equipped with
a potential sensor based on secondary electron emission. The
secondary detector performs an energy analysis on all secondary
electrons, while the resulting signal is separated into com-
ponents associated with each separate target by a synchronous
detector keyed to each electron gun. The system can be set up
to inject either voltage or current signals and simultaneously
sense voltage outputs at predetermined points in the micro-
circuit. A magnetic short focal length lens system must be
used if current levels up to those shown in Fig. 3 are desired.
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